INTRODUCTION
Hsps (heat-shock proteins) are a diverse group of chaperone proteins that are upregulated in response to various types of cellular stress. Hsp20 (Hsp of 20 kDa; also known as HspB6), a small Hsp, is widely recognized as a principle mediator of cardioprotective signalling [1, 2] . Hsp20 has been shown to protect against cardiac ischaemia-reperfusion injury [3, 4] , hypertrophy [5] and β-agonist-induced cardiomyocyte apoptosis [6] , and also plays a role in inhibiting platelet aggregation [7] and modulation of smooth muscle relaxation [8, 9] . The cardioprotective actions of Hsp20 require its phosphorylation by PKA (cAMP-dependent protein kinase) on Ser 16 . Biochemical studies have shown that phospho-Ser 16 -Hsp20 levels are elevated in ischaemic myocardium [3] and failing human hearts [10] . In contrast, naturally occurring mutations that reduce Ser 16 phosphorylation of Hsp20 are associated with attenuation of its anti-apoptotic effects [11] . Thus factors that contribute to regulation of PKA phosphorylation on Ser 16 of Hsp20 are of potential therapeutic interest. Although the extracellular stimuli that promote cAMPresponsive phosphorylation of Hsp20 are well known, less is understood about the subcellular signalling events regulating this modification. PKA phosphorylation events in cells are tightly regulated both spatially and temporally by complex networks of signalling enzymes and anchoring proteins [12] . PDEs (phosphodiesterases) are enzymes that hydrolyse cAMP and cGMP, allowing the generation of spatial cyclic nucleotide gradients. Local increases in cAMP lead to the dissociation of the regulatory and catalytic subunits of PKA, therefore cAMPspecific PDEs such as the PDE4 family can control PKA activity [13, 14] . Recently, a direct association has been demonstrated between Hsp20 and PDE4 in the heart. Moreover, disruption of this interaction was sufficient to induce PKA phosphorylation of Hsp20 in resting cells and to protect against cardiomyocyte hypertrophy, thereby emphasizing an important role for these signal-terminating enzymes in the removal of cAMP around Hsp20 [15] . AKAPs (A-kinase anchoring proteins) offer an additional level of regulation of PKA phosphorylation events, as they permit the localized activation of this kinase in the vicinity of selected substrates [16] . When G-protein-coupled receptors, adenylate cyclases, PDEs and other signalling enzymes associate with AKAPs, they create local hubs for the dynamic production and metabolism of cAMP [17] [18] [19] . Individual AKAPs have also been linked to defined roles in cardiac function, such as targeting PKA to ion channels to regulate channel phosphorylation and ion conductance [20] [21] [22] , and organization of transcriptional events that are involved in the myocardial hypertrophic response [23, 24] .
Although Ser 16 phosphorylation of Hsp20 by PKA is known to be required for its cardioprotective effects, no AKAP has been linked to the co-ordination of this key phosphorylation event. Using biochemical and immunofluorescence techniques, we report a direct interaction between Hsp20 and the cytosolic AKAP-Lbc. We show that AKAP-Lbc scaffolding of PKA facilitates Ser 16 phosphorylation of the Hsp. Functional validation of this event is provided by evidence that association of Hsp20 with AKAP-Lbc is required to confer the protective effects of Hsp20 on cardiomyocyte apoptosis. digoxigenin-HRP (horseradish peroxidase) antibodies were from Abcam. Total Hsp20 antibodies were from Millipore. Anti-V5 antibodies were from Invitrogen. Anti-AKAP-Lbc (V096) antibody was described previously [25] . Anti-HspB6 antibodies (Abnova), Alexa Fluor ® 488 donkey anti-rabbit and 594 donkey anti-mouse antibodies (Molecular Probes) were used for immunocytochemical staining. pEGFP-N1-FLAG-Akap-Lbc and pEGFP-N1-AKAP-Lbc PKA plasmids were described previously [25] . Hsp20 phospho-site mutant plasmids are described in [15] .
Cell culture, plasmid and siRNA (small interfering RNA) transfection and cell lysis HEK (human embryonic kidney)-293 cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % (v/v) FBS (fetal bovine serum), 2 mM L-glutamine and 1% penicillin/10 mg/ml streptomycin. Cells were transiently transfected using Transit-LT1 (Mirus) and harvested after 24 h in HEK-293 lysis buffer [25 mM Hepes, 50 mM NaCl, 2.5 mM EDTA, 50 mM NaF, 30 mM sodium pyrophosphate, 10 % (v/v) glycerol and 1 % (v/v) Triton X-100, pH 7.5] containing 1× complete EDTA-free protease inhibitor cocktail (Roche). NRVMs (neonatal rat ventricular cardiomyocytes) were isolated from 1-5-day-old Sprague-Dawley rats by mincing ventricular tissue in ice-cold ADS buffer (120 mM NaCl, 20 mM Hepes, 1 mM NaH 2 PO 4 , 5 mM glucose, 5.4 mM KCl and 0.8 mM MgSO 4 , pH 7.4) and dissociating cells with 0.06 % pancreatin (Sigma) and 0.03 % type II collagenase (Worthington). Digestions were stopped by the addition of FBS. Cells were suspended in DMEM/Medium 199 (4:1) supplemented with 10 % (v/v) horse serum, 5 % (v/v) FBS, 2 mM L-glutamine and penicillin/streptomycin and pre-plated for 2 h at 37
• C and 5 % CO 2 to allow preferential attachment of cardiac fibroblasts. Non-adherent cardiomyocytes were then resuspended in fresh plating medium and seeded on to tissue culture dishes coated with 1 % (w/v) gelatin (Sigma). After 24 h, plating medium was replaced with low serum medium comprising DMEM/M199 (4:1) supplemented with 5 % (v/v) horse serum, 2 mM L-glutamine and penicillin/streptomycin. Cells were transiently transfected using the TransFectin lipid reagent (Bio-Rad Laboratories) according to the manufacturer's instructions. All animal procedures were performed in accordance with the University of Glasgow animal ethics guidelines. HCMs (human cardiac myocytes) were cultured in HCM medium supplemented with 5 % (v/v) FBS, 1 % Cardiac Myocyte Growth Supplement and penicillin/streptomycin (all from ScienCell). For siRNA-mediated knockdown of AKAP-Lbc expression, cells were transfected with a silencer select validated siRNA oligonucleotide for AKAPLbc (5 -GCAUAUUGCUUGUAACUCA-3 ) or control siRNA (Ambion) using Dharmafect I (Dharmacon) for 72 h prior to harvesting. Cardiomyocytes were harvested in lysis buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 12 mM sodium deoxycholate, 1 % Nonidet P40 and 0.1 % SDS, pH 7.4) containing protease inhibitors.
Co-immunoprecipitation
Cellular lysates were equalized to 1 mg of protein/ml in lysis buffer. Lysates were pre-cleared by incubating with Protein A/G beads (Santa Cruz Biotechnology) with end-over-end rotation for 30 min, then beads were pelleted at 16 000 g for 1 min. Proteins were immunoprecipitated with 1-4 μg of specific antibody or an equal amount of isotype-matched non-specific IgG (Cell Signaling Technology). Samples were washed with 1 ml of lysis buffer three times, then resolved by SDS/PAGE and transferred on to nitrocellulose.
Immunocytochemical staining and confocal microscopy
NRVMs were cultured on glass coverslips coated with 1 μg/cm 2 mouse laminin (BD Biosciences). Cells were fixed with ice-cold 4 % (w/v) paraformaldehyde in PBS for 10 min, washed twice for 5 min in PBS, then permeabilized for 20 min at room temperature (20 • C) in 0.1 % Triton X-100 in PBS. Non-specific binding sites were blocked by incubating with 0.2 % gelatin and 0.3 % BSA in PBS for 30 min. Cells were stained with the appropriate primary antibodies for 2 h at room temperature, then washed three times for 10 min in PBS, and incubated with fluorescently labelled secondary antibodies for 1 h at room temperature. Cells were washed once in PBS, mounted on to glass slides using ProLong Gold antifade reagent (Molecular Probes) and imaged using a ×63 Zeiss oil immersion objective on a Zeiss Pascal LSM510 laser-scanning confocal microscope (Carl Zeiss). Image files were collated using Zeiss Pascal software.
Caspase-3 activity assay
The Caspase-Glo 3/7 luminescence assay (Promega) was used to determine caspase-3 activity in NRVMs pretreated for 24 h with 10 μM isoproterenol. Relative luminescence was measured in 96-well white-walled tissue culture plates (Corning) on a Mithras LB940 plate reader (Berthold Technologies). Data was collected with MikroWin 2000 software. Purified caspase-3 enzyme (Enzo Life Sciences) was used as a positive control. Luminescence was measured for cell media and Caspase-Glo reagent alone to obtain a blank value which was subtracted from other measurements. Each experimental condition was measured in triplicate and results averaged to obtain an n of 1. A total n of 3 experiments was performed.
Statistical analysis
Bands were quantified using the NIH ImageJ software. Data represent means + − S.E.M. of three independent experiments, unless otherwise indicated. Statistical significance was calculated using an unpaired two-tailed t test or one-way ANOVA. A P value <0.05 (*) was considered significant and P < 0.01 (**) was considered highly significant.
RESULTS AND DISCUSSION
An AKAP facilitates phosphorylation of Hsp20 on Ser 16 PKA phosphorylation of Hsp20 on Ser 16 is cardioprotective [6, 11, 26] . Since AKAPs physically compartmentalize protein kinase A to specific locations within the cell, we reasoned that a particular anchoring protein may tether PKA to favour the phosphorylation of Hsp20.
We employed two approaches to investigate whether an AKAP was required to mediate Ser 16 phosphorylation of Hsp20 by PKA ( Figure 1) . First, the ability of a synthetic peptide (Ht31) to disrupt PKA-AKAP interactions was tested. This reagent binds PKA RII subunits with high affinity, competing with endogenous AKAPs for the interaction [27] . PKA anchoring by AKAPs was disrupted using Ht31 in NRVMs, which express Hsp20 endogenously. A proline derivative of Ht31, Ht31P, which is unable to bind RII, was used as a negative control. NRVMs were treated with cell-permeable Ht31 peptide, Ht31P peptide or Hsp20 was normalized to the amount of total Hsp20 (detected as a doublet in these cells), and is expressed as a percentage of the maximum phosphorylation measured. The results are the means + − S.E.M. of three independent experiments. **P < 0.01 indicates a highly significant difference between Ht31 peptide treatment compared with no peptide treatment, and Ht31 peptide treatment compared with 31P control peptide treatment. (C) RII overlay of an Hsp20 immunoprecipitation. Hsp20-V5 was transfected in to HEK-293 cells. Cellular lysates were immunoprecipitated with anti-V5 antibody or isotype-matched IgG, separated by SDS/PAGE and transferred on to nitrocellulose. Immunoprecipitates were probed with digoxigenin-labelled PKA RII subunits followed by anti-digoxigenin-HRP to detect RII-binding proteins. Molecular masses in kDa are indicated to the left-hand side of Western blots.
left untreated ( Figure 1A, lanes 1-3) . Cells were also stimulated with isoproterenol to activate PKA prior to lysis ( Figure 1A , lanes [4] [5] [6] , and the proportion of phospho-Ser 16 Hsp20 to total Hsp20 determined by Western immunoblotting. As expected, Hsp20 Ser 16 phosphorylation was low under basal conditions, but increased 4.5-fold upon isoproterenol stimulation in untreated cells ( Figure 1A , upper panel, lanes 1 and 4, and Figure 1B) . Likewise, agonist-dependent Hsp20 Ser 16 phosphorylation was elevated 3.2-fold in Ht31P-treated cells ( Figure 1A , upper panel, lanes 3 and 6, and Figure 1B ). In contrast, pretreatment with Ht31 only promoted a 1.7-fold increase in Hsp20 phosphorylation under the same conditions ( Figure 1A , lanes 2 and 5, and Figure 1B ). This effect was significantly lower than those observed upon no peptide treatment (P < 0.01) or in the presence of the Ht31P peptide control (P < 0.01). Thus it appears that Ser 16 phosphorylation of Hsp20 is facilitated by an AKAP.
Secondly, an RII overlay approach was used to identify RIIbinding proteins associated with Hsp20 ( Figure 1C ). Hsp20-V5 was transfected into HEK-293 cells and immunoprecipitated from cellular lysates with anti-V5 antibodies. Immune complexes were resolved by SDS/PAGE, and proteins were subjected to overlay with digoxigenin-labelled RII subunits to detect AKAPs. Hsp20-V5 co-precipitated with a RII-binding protein with a molecular mass of approximately 300 kDa ( Figure 1C, lane 3) .
Hsp20 binds to the cytosolic AKAP Lbc
Next, we sought to identify the AKAP associated with Hsp20. A number of AKAPs are known to play important pathophysiological roles in the heart, including mAKAP (muscleselective AKAP) [19] , AKAP-Lbc [23] , AKAP18 [21] , AKAP79 [20] and Yotiao [28] . However, on the basis of molecular mass, AKAP-Lbc seemed to be the mostly likely candidate anchoring protein for Hsp20 ( Figure 1C ). Unlike other anchoring proteins, AKAP-Lbc predominantly resides in the cytoplasm where it serves as a scaffold for PKA [25] , PKD (protein kinase D) and PKC (protein kinase C) isoforms [29] . Furthermore, it functions as a GEF (guanine-nucleotide-exchange factor) for Rho [25] . To determine whether AKAP-Lbc interacted with Hsp20, we undertook co-immunoprecipitation experiments. Hsp20-V5 was co-transfected into HEK-293 cells with FLAG-AKAP-Lbc (Figures 2A and 2B) . Immunoprecipitation of AKAP-Lbc was performed with anti-FLAG antibodies, immune complexes were washed, separated by SDS/PAGE, and the amount of AKAP-Lbc immunoprecipitated was determined by Western immunoblotting with anti-FLAG (Figure 2A , lower panel). Co-immunoprecipitation of Hsp20-V5 was clearly detectable by immunoblotting with anti-V5 antibody (Figure 2A , upper panel). The reciprocal experiment was also performed. Hsp20-V5 was immunoprecipitated from cells using anti-V5 antibody ( Figure 2B , lower panel), and immune complexes were immunoblotted for AKAP-Lbc with anti-FLAG antibody ( Figure 2B, upper panel) . AKAP-Lbc was identified in the Hsp20 immune complex, supporting the notion that both proteins exist in complex in cells.
Evidence for this association in a more physiological context was provided by experiments performed in cardiac myocytes. Endogenous AKAP-Lbc was immunoprecipitated from NRVM lysate with anti-AKAP-Lbc antibodies ( Figure 2C , lower panel). Immunoblot detection confirmed the presence of native Hsp20 in AKAP-Lbc immune complexes ( Figure 2C , upper panel). Immunofluorescence microscopy was used to define the subcellular distributions of both proteins in cells. AKAPLbc has previously been shown to localize to the cytosol and perinuclear region of NRVMs [23] . NRVMs were fixed and immunostained for Hsp20 and AKAP-Lbc as indicated ( Figures 2D-2F ). Hsp20 (red, Figure 2D ) and AKAP-Lbc (green, Figure 2E ) displayed strikingly similar overlapping subcellular distributions on a composite image (yellow, Figure 2F ). Taken together, these observations provide independent cell-based evidence for the association between cardiac Hsp20 and AKAP-Lbc.
AKAP-Lbc scaffolding of PKA is required for Ser 16 phosphorylation of Hsp20
To confirm that AKAP-Lbc organizes a pool of PKA that can phosphorylate Hsp20 on Ser 16 , a RNA interference strategy was used ( Figure 3A ). Cardiac myocytes were transfected with siRNAs against AKAP-Lbc to specifically deplete cells of the AKAP, or scrambled control siRNAs. After 72 h, cells were stimulated with 1 nM isoproterenol to increase cAMP levels and activate PKA. Effective AKAP-Lbc gene silencing was determined by immunoblotting of cellular lysates ( Figure 3A , third panel). Detection of total Hsp20 was used as a loading control ( Figure 3A , middle panel). As expected, levels of phosphoSer 16 Hsp20 were lower in resting cells, and were not affected by AKAP-Lbc knockdown ( Figure 3A, top panel, lanes 1 and 2) . Upon activation of PKA, Hsp20 became rapidly phosphorylated in cells expressing AKAP-Lbc ( Figure 3A, upper panel, lane 3) ; however, this increase in Ser 16 phosphorylation was abolished in cells where expression of AKAP-Lbc was knocked down ( Figure 3A , upper panel, lane 4) (P < 0.01), indicating that AKAP-Lbc facilitates PKA phosphorylation of Hsp20 on Ser 16 . A role for AKAP-Lbc in the localized control of PKA phosphorylation of Hsp20 was confirmed in NRVMs using an AKAP-Lbc PKA-anchoring mutant, PKA ( Figure 3B ). AKAP-Lbc PKA contains two proline mutations (A1251P and I1260P) that disrupt the secondary structure of the RII-binding domain, rendering the AKAP unable to bind PKA [25, 30] . NRVMs were transfected with AKAP-Lbc PKA or vehicle only ( Figure 3B, lanes 1 and 2) . Cells were stimulated with 1nM isoproterenol to activate PKA ( Figure 3B, lanes 3 and  4) , and levels of Ser 16 -phosphorylated Hsp20 were assessed by immunoblotting. As expected, a robust increase in cAMPdependent phosphorylation of Hsp20 at Ser 16 was observed in isoproterenol-stimulated cells transfected with vehicle alone when compared with unstimulated controls ( Figure 3B, upper  panel, lanes 1 and 3, and histogram) . Levels of Hsp20 Ser 16 phosphorylation were significantly reduced in both isoproterenolstimulated and unstimulated cells transfected with AKAP-Lbc PKA (P < 0.05 and P < 0.01 respectively). This is consistent with the PKA-anchoring mutant of AKAP-Lbc exerting a dominant interfering effect by competing with the endogenous anchoring protein for the interaction with Hsp20.
Hsp20 Ser 16 phosphorylation facilitated by AKAP-Lbc is cardioprotective

Ser
16 phosphorylation has been shown to be necessary for the cardioprotective actions of Hsp20, including cardiomyocyte protection from β-agonist-induced apoptosis. Therefore in this final section we wanted to establish whether anchored PKA phosphorylation of Hsp20 contributes to the cardioprotective actions of this Hsp. Overexpression of a mutant version of Hsp20 that mimics constitutive phosphorylation at Ser 16 (Hsp20-S16D) has previously been shown to protect against cardiomyocyte apoptosis induced by chronic β-adrenergic stimulation, through a mechanism involving reduced activation of caspase-3 [6] . Conversely, cells expressing phospho-null Hsp20 mutants (Hsp20-S16A) exhibit no protection from apoptosis [6] , underlining the importance of this phosphorylation event.
The functional relevance of the Hsp20-AKAP-Lbc interaction in cardioprotection was investigated in NRVMs chronically stimulated with 10μM isoproterenol to induce apoptosis. Cells were transfected with the AKAP-Lbc PKA anchoring-defective mutant, and the ability of either wild-type Hsp20 or various Hsp20 phospho-site mutants to rescue this phenotype was determined by their co-transfection (Figure 4) . Cellular apoptosis was measured using a luminescence assay of caspase-3 activity, which is directly proportional to apoptosis. Consistent with PKA phosphorylation of Hsp20 being required for its cardioprotective effects, transfection of Hsp20-S16D alone significantly reduced caspase-3 activity relative to untransfected control cells (*P < 0.05). In contrast, transfection of the non-phosphorylatable Hsp20-S16A mutant had no effect. NRVMs transfected with AKAP-Lbc PKA alone displayed a 1.74 + − 0.17-fold increase in caspase-3 activity over untransfected cells (**P < 0.01), indicating a role for PKA phosphorylation co-ordinated by AKAP-Lbc in protecting against apoptosis in the heart. Co-transfection of cells with wild-type Hsp20 resulted in a 15 % reduction in caspase-3 activity, and co-transfection of Hsp20-S16D significantly reduced caspase-3 activity (and therefore apoptosis) by 27 % NRVMs were transfected with AKAP-Lbc PKA, wild-type Hsp20 and Hsp20 phospho-mutants (S16A and S16D) as indicated. Cells were stimulated with 10 μM isoproterenol for 24 h to induce apoptosis [6] . Caspase-3 activity was measured as a marker of apoptosis using the Caspase-Glo 3/7 luminescence assay. The results presented are from three independent experiments and are normalized to caspase-3 activity in untransfected isoproterenol-stimulated cells. *P < 0.05, **P < 0.01 compared with untransfected cells. # P < 0.05 compared with AKAP-Lbc PKA-transfected cells.
in these cells (#P < 0.05). Importantly, co-expression of the non-phosphorylatable Hsp20-S16A mutant had no effect on apoptosis and was associated with similar caspase-3 activation as NRVMs expressing AKAP-Lbc PKA alone. Thus we propose that AKAP-Lbc anchoring of PKA to facilitate Hsp20 Ser 16 phosphorylation is required to confer the anti-apoptotic actions of the Hsp.
Conclusions
PKA phosphorylation events co-ordinated by AKAPs are integral to a range of essential cardiac processes, including modulation of cardiac excitation-contraction coupling and calcium handling [21, 24, 31, 32] , cell survival and cardioprotection [6, 26] . In the present study we identify a previously unrecognized role for AKAP-Lbc in the organization of cardioprotective phosphorylation events. We show that AKAP-Lbc exists in a complex with the cardioprotective chaperone Hsp20 in the heart, and anchored PKA phosphorylation of Hsp20 on Ser 16 is required to confer the anti-apoptotic effects of the Hsp. These findings extend our previous observations that Hsp20 associates with members of the cAMP-specific PDE4 family, and that PDE4 activity modulates cAMP-dependent phosphorylation of Hsp20 on Ser 16 [15] . The results from the present study also suggest that an AKAP-Lbc-Hsp20-PDE4 complex resides in the cytoplasm of cardiac cells. Under resting conditions, the level of Hsp20 phosphorylation is maintained at basal levels by the actions of the associated PDE ( Figure 5A ). During times of stress, stimulation of β-adrenergic signalling pathways results in elevated levels of cAMP, which swamp this signal termination mechanism to trigger phosphorylation of Hsp20 on Ser 16 by a pool of AKAP-Lbc-tethered PKA ( Figure 5B ). Hsp20 can also be phosphorylated on Ser 16 by PKG (cGMP-dependent protein kinase). Activation of PKG occurs transiently in response to nitric oxide stimulation and a consequent rise in intracellular cGMP levels. PKG phosphorylation of Hsp20 has previously been linked with the modulation of smooth muscle relaxation [33, 34] . Although beyond the scope of the present study, it will be important to establish whether PKG is also part of this or another macromolecular complex, and whether related macromolecular assemblies exist in smooth muscle cells.
Our discovery of an association between Hsp20 and AKAP-Lbc provides a molecular context that favours local phosphorylation of the Hsp to protect against β-agonist-induced apoptosis in cardiac myocytes. These observations are in agreement with earlier work where apoptosis was attenuated following adenoviral-mediated overexpression of Hsp20. Full protection from apoptosis was gained following expression of the phospho-mimic (Hsp20-S16D); however, no advantage was conferred by expression of the phospho-null mutant (Hsp20-S16A) [6] . The mechanisms underlying this effect are thought to involve direct suppression of a pro-apoptotic ASK1 (apoptosis signal-regulating kinase 1)/p38 MAPK (mitogen-activated protein kinase) signalling cascade [5] . Interestingly, AKAP-Lbc has recently been shown to associate with several MAPKs, including p38α, and to promote its activation by RhoA in response to α1-adrenergic signals [35] . Thus the AKAP-Lbc-Hsp20 association may promote cardioprotective signalling by anchoring Hsp20 in the vicinity of p38 to oppose this activation.
The importance of the AKAP-Lbc-Hsp20 association in cardioprotection may not be confined to modulation of apoptosis. Hsp20 is also known to protect against ischaemia-reperfusion injury [3, 4] , and cardiac hypertrophy [5, 15] . AKAP-Lbc has previously been implicated in the development of cardiac hypertrophy via its co-ordination of a PKD-dependent pathway [23] . The anchoring protein facilitates activation of PKD by PKC, which is then released from AKAP-Lbc by a mechanism involving direct PKA phosphorylation of the AKAP [29] . This pool of PKD then translocates to the nucleus, where it promotes phosphorylation and nuclear export of class II histone deacetylases, leading to enhanced transcription of hypertrophic genes [23] . Expression of AKAP-Lbc is also upregulated in hypertrophic NRVMs, and this has been proposed to augment activation of PKD and promote development of cardiac hypertrophy [23] . Thus AKAP-Lbc may co-ordinate a complex signalling network whereby activation of anchored PKD favours a hypertrophic phenotype, and anchored PKA activation, with subsequent phosphorylation of Hsp20, opposes these effects.
AKAP-Lbc is a multi-domain protein that contains tandem DH (Dbl homology) and PH (pleckstrin homology) domains. The DH domain is associated with guanine-nucleotide exchange activity for small GTPases such as Rho, which is an established mediator of cardiac hypertrophy and apoptosis [36] [37] [38] . The Rho-GEF activity of AKAP-Lbc is inhibited by PKA phosphorylation of the AKAP on Ser 1565 [39] . Anchored PKA has been shown to phosphorylate AKAP-Lbc on Ser 1565 in response to forskolin stimulus [39, 40] , and it could be envisaged that factors that promote PKA phosphorylation of AKAP-Lbc and inhibition of its Rho-GEF activity might also promote cardioprotective phosphorylation of Hsp20.
Recently, an essential role for AKAP-Lbc in cardiac development has been identified [41] . Cardiomyocytes isolated from AKAP-Lbc (AKAP13)-null mice exhibited deficient sarcomere formation, and cardiac development arrested at embryonic day 9-9.5, consistent with the involvement of AKAPLbc-co-ordinated pathways in cardiomyocyte differentiation [41] . Hsps are among the first proteins expressed in embryogenesis [42] , and it is tempting to speculate that a Hsp recruited to AKAPLbc could act as a molecular chaperone and aid in sarcomeric formation. Future studies will be directed towards identifying which proteins are stabilized by AKAP-Lbc-associated Hsp20 in the heart. Hsp20 was recently shown to associate with protein phosphatase 1 to modulate calcium handling at the sarcoplasmic reticulum [43] , and it should also be determined whether anchored phosphatase activity is present in the AKAP-Lbc-Hsp20 complex to regulate dephosphorylation of this cardioprotective chaperone.
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